The dynamics of fullerene-cubane ͑C 60 ·C 8 H 8 ͒ cocrystal is studied combining experimental ͓x-ray diffuse scattering, quasielastic and inelastic neutron scattering ͑INS͔͒ and simulation ͑molecular dynamics͒ investigations. Neutron scattering gives direct evidence of the free rotation of fullerenes and of the libration of cubanes in the high-temperature phase, validating the "rotor-stator" description of this molecular system. X-ray diffuse scattering shows that orientational disorder survives the order/disorder transition in the low-temperature phase, although the loss of fullerene isotropic rotational diffusion is featured by the appearance of a 2.2 meV mode in the INS spectra. The coupling between INS and simulations allows identifying a degeneracy lift of the cubane librations in the low temperature phase, which is used as a tool for probing the environment of cubane in this phase and for getting further insights into the phase transition mechanism.
I. INTRODUCTION
The chemistry of fullerenes includes an almost infinite collection of inclusion compounds. The large voids existing between the fullerenes in their crystalline structure allow intercalation of a large spectrum of molecules or atomic species. This results in a wide range of interesting effects, from chemical reactions ͓polymerization of the fullerenes in Li 4 ·C 60 ͑Ref. 1͔͒ to superconductive behavior ͓Cs 3 ·C 60 ͑Ref. 2͔͒. In particular, it has been shown that the intercalation of small diatomic molecules and rare gases ͑N 2 , O 2 , 3-5 CO, 6 Ar, Kr, Xe, 7 …͒ sensitively modifies the phase diagram of C 60 . The C 60 phase diagram is roughly characterized by a firstorder transition at T c Ӎ 260 K from a face-centered cubic ͑fcc͒ orientationaly disordered phase ͑"orientational gas"
Fm3m͒ to an orientationaly ordered simple cubic phase ͑Pa3͒.
8 This ordered phase is described by a two-state model where the molecules are found in two energetically nearly degenerate orientations. These two states, adopted at random, have a temperature-dependent population, so that a certain disorder remains concerning the C 60 orientation in the Pa3 phase. At T g Ӎ 90 K, the system undergoes a glass transition in which it is frozen in an orientational glass state. 9 It was found that the insertion of inert molecules inside the C 60 network significantly lowers the order-disorder transition temperature T c ͑Refs. 3-7͒ ͑see Fig. 6͒ . The inserted guests were therefore described as molecular lubricants. In addition, the insertion resulted in the disappearance of the glass transition.
In this paper, we present a study of the dynamics of a fullerene-cubane C 60 ·C 8 H 8 cocrystal, which was synthesized for the first time by Pekker et al. 11 The interest of this model system stands in the complex molecular nature of the cocrystal, where molecules of icosahedral and cubic symmetries interact. The fcc unit cell of the disordered phase is represented in Fig. 1 , with the fullerene molecules occupying the corners and the centers of the cubic cell while the cubane molecules are located at the octahedral sites. The mixture of symmetry of the constituent molecules is reflected in their dynamics, as at room temperature the C 60 molecules rotate freely while the cubanes remain static: the C 60 ·C 8 H 8 cocrystal appears as a molecular rotor-stator system.
Since its discovery, the structure of fullerene-cubane cocrystal has been extensively studied by Raman and infrared spectroscopies, 12 ,13 1 H-nuclear magnetic resonance, 14 x-ray diffraction and calorimetry, 11, 15 which allowed to produce the pressure-temperature ͑P , T͒ "reaction map" of this crystal. 13 These studies showed that fullerene-cubane polymerizes into a very stable covalent derivative in which decomposed cubanes form covalent bonds with adjacent fullerenes 13, 16 above 500 K.
Alike the other fullerene insertion compounds, the fullerene-cubane cocrystal undergoes a first-order transition at T c Ӎ 140 K, attributed to the orientational ordering of the C 60 molecules. The low-temperature phase was indexed as orthorhombic 11 but its space group, requiring the knowledge of the fullerene orientations, is still unknown.
Until now, little attention was given to the dynamics of the molecules around the transition at 140 K, which could give precious information in order to understand the transition mechanism as well as the state of the system at low temperature. For this reason, we have performed x-ray diffuse scattering ͑XRDS͒ studies of a fullerene-cubane single crystal around the transition temperature. This allowed us to show that a strong C 60 orientational disorder persists below the transition. This study is detailed in the first part of this paper.
In addition, we have conducted inelastic neutron scattering ͑INS͒ measurements on a powder of fullerene-cubane around T c . INS is the preferred method to study lowfrequency vibrations, and thus provides precious information on the intermolecular dynamics of both fullerenes and cubanes. The experimental data are interpreted by means of molecular dynamics ͑MD͒ simulations and reported in the second part of this paper.
II. EXPERIMENTAL

A. Sample preparation
Two samples were used for these experiments: a small monocrystal ͑platelet shape sample as described in Ref. 11 , with a characteristic size in the platelet plane being of about 200 m͒, and a 200 mg powder. Cubane was synthesized by the method of Eaton. 17 C 60 ·C 8 H 8 cocrystals were prepared in the form of microcrystalline powder and monocrystals by the methods described in details in Ref. 11 . It consists of dissolving a C 60 powder in toluene, and filtering it before adding excess amount of cubane to the solution. In order to get microcrystals, toluene was removed by distillation in a rotary evaporator. For producing single crystals, isopropyl alcohol was layered to the toluene solution, and at room temperature ϳ100-200 m crystals were grown within a week. Finally all the crystals were washed with ethanol for removing the residual cubane.
B. X-ray diffractometer
We have performed single crystal x-ray scattering experiments at = 1.5418 Å on a C 60 ·C 8 H 8 platelet-shaped single crystal.
Measurements were performed in transmission geometry, using a cylindrical image plate as a detector ͑fixed crystalfixed detector geometry͒. The temperature was controlled using a displex, allowing the ͑30-300 K͒ temperature range to be covered. The collimator as well as the beam stop were placed within the displex beryllium cell, which allowed us to minimize parasitic diffraction from the cell.
C. INS spectrometer
INS measurements were performed on a 200 mg fullerene-cubane powder using the IN4C spectrometer, which is a time of flight spectrometer mounted on the thermal source at the ILL. Incident neutrons with wavelengths 2.7, 1.65, and 1.5 Å were used in elastic time focusing conditions. This allowed us to study the respective following energy ranges: 18 0 to 8 meV with 0.5 meV resolution, 0 to 25 meV with 1.25 meV resolution, and 0 to 50 meV with 1.5 meV resolution. The measurements, performed at different temperatures between 300 and 10 K, were corrected for the scattering of the sample holder and normalized to vanadium ͓see Figs. 3, 4͑a͒ , and 5͔. The signal was transformed into either the so-called generalized density of states ͓GDOS͔͑͒, susceptibility ͓Љ͑͒ / ͔ or into the dynamical structure factor ͓S͑Q , ͔͒, depending on the most convenient representation. 20 Note that we will call "susceptibility" the imaginary part of the susceptibility divided by the frequency. The generalized vibrational density of states can be derived in an extensive ͑0-200 meV͒ energy scale using a relatively large neutron incident wavelength ͑here we used 3 Å corresponding to ϳ9 meV incident energy͒ in up-scattering mode ͑e.g., anti-Stokes scattering͒ and at relatively high temperature ͑300 K͒. The unavoidable deterioration of the energy resolution with increasing energy transfer can be minimized by time focusing in the inelastic range, a condition requiring that the Fermi chopper spins at high speed. We chose a Fermi speed of 13 000 RPM and conditions so that frame overlap could be avoided.
In a neutron experiment, the quantity measured is proportional to the so-called differential scattering cross section
‫ץ‬⍀‫ץ‬E which gives the number of incident neutrons with wave vector k ជ i scattered by the sample in a solid angle ‫ץ‬⍀ around the solid angle ⍀ ជ and with an energy range ‫ץ‬E around E ͑i.e., having a scattered wave vector k ជ f ͒. Due to the peculiar neutron-nucleus interaction, this quantity can be split into a coherent and an incoherent cross section, so that it can be expressed as
with the relative ratio between coherent and incoherent intensity being a function of the chemical and isotopic composition of the sample. A C 60 ·C 8 H 8 powder contains only carbon and hydrogen atoms in natural isotopic ratio. The incoherent cross section is written
where ␣ runs over the atomic species ͑here carbon and hydrogen͒ and inc ␣ refers to the incoherent cross section associated with this type of atom. In our case, the carbon incoherent cross section is negligible compared to that of hydrogen ͑ inc C = 0.001 barn and inc H = 80.26 barn͒, such that the incoherent cross section will be entirely due to scattering by hydrogen atoms. For a powder of fullerene-cubane, one can write that
while the coherent part of the total cross section will be dominated by carbon atoms ͑ 
where the exponent Ϯ refers to neutron energy gain ͑+, antiStokes͒ or neutron energy loss ͑−, Stokes͒ scattering processes. Q is the norm of the scattering vector, n Ϯ ͑ , T͒ the Bose population factor ͑n − = n + +1͒, 2W͑Q͒ = Q 2 ͗u 2 ͘ the Debye-Waller factor, ͗u 2 ͘ the total mean squared displacement, and G͑͒ the GDOS expressed as
where ͑j , q ជ͒ denotes the phonon modes of frequency j ͑q ជ͒ and polarization vector e ជ͑j , q ជ͒ = ͚ ␣ e ជ ␣ ͑j , q ជ͒ while inc ␣ and m ␣ stands, respectively, for the incoherent cross section and the mass of the atom ␣ in the unit cell. In the case of fullerenecubane, the sum over ␣ reduces to the sum over the hydrogen atoms of the cubane in the unit cell, due to the dominant factor inc H / m H . The GDOS G͑͒ can be obtained by measuring S inc Ϯ1 ͑Q , ͒ at a fixed energy transfer ប and for a set of Q values. Then, from Eq. ͑3͒, the quantity
can be plotted as a function of Q 2 and fitted to a line. The constant term allows G͑͒ to be derived.
In conclusion, for a powder sample and using a time-offlight machine equipped with a multidetector such as IN4C, the signal measured will be essentially originating from incoherent scattering by the hydrogen atoms at the surface of the cubane molecules. The coherent signal from the carbon atoms, and therefore the C 60 dynamics, will be measurable only in the frequency ranges where cubane modes are absent. They will appear as small Q-dependent contributions in the spectrum, the most intense coherent feature being the C 60 rotation and libration as we will show later.
D. Numerical simulations
X-ray scattering simulations were performed by using a homemade program, allowing one to take into account the geometry of the experiment ͑crystal orientation, distance between the crystal and the detector, cylindrical shape of the detector, etc.͒ and to calculate, for each pixel on the detector, Bragg and diffuse scattering intensities within structural models defined in the program. 22 The calculated intensities are represented in two-dimensional areas with the same shape and size as the detector to allow for an easy visual comparison.
Neutron functions were calculated using MD simulations. They were performed using the module Discover supplied by Materials Studio. 23 The model was composed of a supercell containing 2 ϫ 2 ϫ 2 cubic lattice cells, resulting in a total of 32 fullerenes and 32 cubanes. We used the semi-ab initio force field COMPASS, and the trajectories issued from the NVE simulations were treated using the NMOLDYN software. 24 In particular, this software computes the velocity autocorrelation function from a MD trajectory which is linked to the GDOS by a time Fourier transformation. Moreover it allows performing group selections and transforming MD trajectories into rigid body trajectories ͑RBT͒ for which only the translation and rotation degree of freedom of each molecule as a whole are computed. The neutron functions issued from these calculations are further convoluted with a resolution function allowing for a direct comparison with the experimental data.
III. EXPERIMENTAL RESULTS
A. Diffuse scattering
X-ray scattering is a most useful tool for the investigation of the structure of crystalline materials, as it reveals the mean crystallographic structure through diffraction and it measures the degree of disorder relative to the mean structure through diffuse scattering. Figure 2͑a͒ shows the x-ray scattering pattern of a C 60 ·C 8 H 8 platelet-shaped crystal recorded at room temperature. The platelet was placed perpendicular to the incident beam. At room temperature, the Bragg spots show a sixfold symmetry compatible with the fcc structure proposed in Ref. It is characteristic of complete orientational disorder of the C 60 molecules, 25 as is shown for instance in Ref. 22 for pure C 60 single crystal. It appears distorted in Fig.  2͑a͒ because of the cylindrical shape of the image plate but it corresponds in fact to an isotropic halo. Diffuse scattering calculated for complete orientational disorder of the C 60 molecules is drawn in Fig. 2͑c͒ , using Eq. ͑15͒ in Ref. 22 . It should be noticed that the intra-Brillouin zone modulations of the diffuse ring observed at room temperature for pure C 60 crystal 22 are not observed in the case of C 60 ·C 8 H 8 , neither at room temperature nor at lower temperatures, close to the transition temperature ͑T c Ӎ 140 K͒. In pure C 60 , such modulations were due to intermolecular orientational correlations. 26 In fullerene-cubane, topological recognition between the convex surface of fullerenes and the concave surfaces of cubanes act as bearings between the fullerene molecules and thus interfullerene correlations are much smaller. It is consistent with the lowering of the transition temperature from 260 K in pure C 60 to 140 K in C 60 ·C 8 H 8 .
In conclusion, x-ray diffraction and diffuse scattering data at room temperature both point toward total C 60 orientational disorder. However, it is not possible on the basis of x-ray scattering to discriminate between static and dynamic disorder. The dynamical character of this disorder is discussed in the inelastic neutron scattering section hereafter.
When the temperature is lowered below 140 K, the appearance of new Bragg reflections testifies to a structural transition to a less symmetric structure, as is illustrated by the diffraction pattern measured at 120 K shown in Fig. 2͑b͒ . This phase transition is reported as an orientational-ordering phase transition ͑see, e.g., Ref. 11͒. However, surprisingly, appearance of new Bragg reflections is not concomitant with measurable modifications of the diffuse scattering halo around 3.3 Å −1 , which has similar shape in Figs. 2͑a͒ and 2͑b͒. Diffuse scattering intensities, normalized to counting time, are also the same at room temperature and at 120 K within experimental precision ͑10-20 %͒. One would have expected the disappearance of the diffuse scattering halo if the C 60 molecules were completely ordered below the transition or at least modification of the distribution of intensity in the diffuse halo if molecules presented lower orientational disorder. In the case of pure C 60 for instance, where two different types of orientations coexist below the transition, 8 one observes modulations of the diffuse halo. 27 As detailed in Ref. 27 , these modulations are well accounted for within the standard formalism used in the case of binary alloys with a Laue formula where atomic form factors are replaced by molecular form factors for the different orientations. The rapid modulations of the molecular form factor ͑large size of C 60 ͒ give rise to pronounced modulations of the halo. Similar results are obtained in the case of fullerene-biphenyl and of fullerene-tetraphenylphosphonium bromide compounds, 28, 29 where different molecular orientations are also present. To try to explain the observed diffuse scattering in the lowtemperature phase of fullerene-cubane, we have calculated the diffuse scattering for 24 different orientations of the C 60 molecules. It corresponds to partial orientational ordering with respect to the high-temperature phase where molecules could take all orientations with the same probability. The structure of the low-temperature phase of fullerene-cubane being unknown, it was not possible to generate equivalent orientations using its symmetry operations. We have thus used the symmetry operations of the high-temperature phase. One orientation was chosen by rotating a molecule in standard orientation, with its twofold axes along the cubic axes, by the Euler matrix ͑Euler angle values being arbitrarily taken equal to 8°, 31°, and 17°͒ from which the other configurations were deduced by the symmetry operations of the high-temperature cubic phase. Calculated diffuse scattering pattern is reported in Fig. 2͑d͒ . Comparison between Fig.  2͑c͒ , where molecules are assumed to take all orientations and Fig. 2͑d͒ shows slight modulations of the halo at 3.3 Å −1 . One can also extrapolate from this comparison that modulations will be smoothed, diffuse scattering hence looking more like a diffuse halo, if there are large amplitude fluctuations around the different preferential orientations.
B. Inelastic neutron scattering
The GDOS measured at 300 K for the powder of fullerene-cubane is shown in Fig. 3 . It features different fre-FIG. 2. X-ray scattering pattern of a C 60 ·C 8 H 8 crystal, recorded on a cylindrical image plate ͑a͒ at room temperature and ͑b͒ at 120 K. The ͓111͔ cubic axis is parallel to the x-ray beam ͑perpendicular to the pattern͒. Simulations are reported in ͑c͒ and ͑d͒ using the structural parameters refined in Ref. 11 to calculate Bragg peak intensities. Diffuse scattering intensity is calculated assuming that molecules take all orientations in ͑c͒ or that they can take 24 orientations in ͑d͒, as discussed in the text. Simulations are performed assuming that the crystal contains in identical ratio the "parent" crystal and its ͑111͒ mirror twin. Simple arrows point toward the 1 , −3 , 1 diffraction peak of the parent crystal and dotted arrows point toward the same peak for the twin crystal. Double arrows point toward the diffuse scattering halo around 3.3 Å −1 characteristic of C 60 orientational disorder.
quency domains-or bands-distributed over a broad frequency range and separated by "gaps." A high-frequency band ͑HF͒, having a maximum intensity at 100 meV, extends from 55 meV up to 170 meV. A medium frequency ͑MF͒ band, which is composed essentially of two strong peaks located at 11.0 and 17.8 meV with a smaller component located at 33 meV, is observed from 8 meV up to 55 meV. Finally, the lower frequency band ͑LF͒ shows a broad and featureless component extending up to 8 meV.
The total spectrum of a molecular crystal is generally split into such bands, each being characteristic of a certain type of bonding between atoms or molecules. In general, the low/ mid frequency part is typical of soft van der Waals interactions between adjacent molecules and corresponds to lattice modes ͑phonons, librons͒. A gap separates it from the highfrequency modes involving deformations of the molecules shape. In bulk C 60 crystals, the lattice modes extend up to 8 meV and are separated by a 20 meV gap from the first intramolecular vibration ͑H g 1 ͒ at 33 meV. The spectrum of the intramolecular modes extends up to about 200 meV ͑for a review, see Ref. 30͒. In the solid phase of cubane, the lattice modes extend up to 20 meV ͑Ref. 31͒ and the first molecular vibration appears at 76.5 meV. 32 The highest frequency intramolecular modes for the cubane molecule correspond to the C-H stretching modes around 350 meV, which is beyond the energy window of the spectrometer for this experiment.
As explained in Sec. II C, the GDOS of a fullerenecubane compound originates essentially from modes involving hydrogen displacements, i.e., it is a direct measurement of the partial density of states of hydrogen g H ͑͒. Under ambient conditions, the bonding between the fullerene and the cubane molecules is of van der Waals type. Therefore the intermolecular coupling is weak and the molecular vibrations of cubane are only slightly downshifted from their values in the bulk phase as is observed by Raman spectroscopy. 12 The HF band is therefore dominated by the molecular modes of cubane which are contributing in the ͑70-190 meV͒ range in the solid phase. We refer to the work of Yildirim et al. 32 who made use of both inelastic neutron scattering and DFT simulations to measure and attribute precisely these vibrations in the case of solid cubane.
In the MF band, a small peak is visible at ϳ33 meV, in good correspondence with the first C 60 internal mode of H g symmetry. The clear observation of this mode in comparison with the other fullerene modes suggests a small hybridization of the H g fullerene vibrations with other modes involving hydrogen displacements.
The additional intense contributions in the spectrum originate from external degrees of freedom. The primitive cell of the fcc lattice contains one fullerene and one cubane molecule. In the disordered phase, the fullerene molecule can be approximated by a single atom with regards to the external excitations, the rotations being unhindered. Therefore, fullerene and cubane molecules will, respectively, contribute to 3+6=9 external degrees of freedom, separated into acoustic modes ͑triply degenerated F 1u at ⌫ point͒, opticaltranslational-modes ͑F 1u , OT͒ and optical-librationalmodes ͑F 1g , OL͒, the latter involving hindered rotations of the cubane molecules around the C 4 axis as required by the O h symmetry of the lattice and cubane site.
The optical modes are therefore separated into two triply degenerated groups at the ⌫ point depending on their character ͑libration OL or translation OT͒. The librations are weakly dispersive and should contribute as a strong peak to the GDOS. As for the OT modes, the large difference of mass between the cubane and the fullerene molecules ͓ M͑C 60 ͒ M͑C 8 H 8 ͒ Ӎ 6.9͔ suggests a flat dispersion for these phonon branches as well as a dominant contribution of the cubane components on the polarization vectors for these modes. By contrast, the cubane components of the polarization vectors for the acoustic modes are non-negligible only in the neighborhood of the gamma point ͑Brillouin zone center͒ giving almost no contribution to the GDOS for a classical threedimensional lattice. As a consequence, one expects the observation of two intense contributions ͑OL and OT͒ from the external modes of the lattice.
The MF band features two intense peaks at 11 and 17.8 meV ͑at 300 K͒ that can be attributed to the above mentioned contributions. They are shown in detail in Fig. 4͑a͒ as a function of temperature, and are compared to MD simulations in the disordered and ordered phases in Fig. 4͑b͒ . The temperature evolution shows that whereas the low-energy peak is not affected by the phase transition ͑T c = 140 K͒, the high energy peak splits into two contributions for temperatures below T c , with respective integrated intensities in the ratio 1:2 between its low frequency and high-frequency components ͑located, respectively, at 16.6 meV and 18.3 meV at 100 K͒.
The use of MD simulations allowed for an easy separation between the modes of translational and rotational character by removing the translational component from the RBT prior to the calculation of the hydrogen GDOS. This gives the two   FIG. 3 . Generalized density of states ͑GDOS͒ measured at 300 K and 3 Å. We consider three zones labeled low, mid, and high frequencies. Features at HF are mainly due to internal vibrations of cubanes ͑intense features from 75 meV up to 200 meV͒. Small peaks attributable to fullerene vibrations are visible ͑the H g vibration is visible at 33 meV͒. The two intense peaks in the MF region are due to cubanes intermolecular motions. The LF region shows a featureless intensity, associated to a quasielastic signal originating from slow reorientations of fullerenes. spectra shown in Fig. 4͑b͒ . The full curve labeled rot+ trans represents the GDOS calculated at 300 K from RBT containing both rotation and translation degrees of freedom of the molecules. The dashed blue curve, by contrast, represents the GDOS calculated from RBT containing rotational degrees of freedom only. This allows attributing the high-frequency band, observed in both curves, to the librations of the cubane molecule. On this basis, the peaks at 11 and 17.8 meV observed in the experimental data are attributed to the OT and OL contributions, respectively.
The simulations in the NVE ensemble reproduce the behavior of the experimental spectra above and below the structural phase transition, with a splitting of the OL feature into two components while keeping the OT peak unchanged. In our simulation, however, the system is still rotor-stator ͑disordered͒ down to a temperature of about 100 K, e.g., 40 K lower than observed, and the ratio between the integrated intensity of the low and high-frequency components of the OL peak is different ͑ϳ1:1͒ from that observed experimentally ͑ϳ1:2͒. The latter point indicates that the final structure we obtain at low temperature in the simulation is different from that of the real system in its low-temperature ordered phase. The symmetry lowering induced by the phase transition lifts the degeneracy of the librations by breaking the isotropy of the system. The 1:2 ratio shows that two directions in space are equivalent with one differing.
At high temperature, the OL peak in the simulation is Gaussian-type and has an intrinsic broadening, reflecting the statistical distribution of the potential experienced by the cubane molecules when performing small rotations. This is a consequence of the fluctuations of the C 60 orientations in the disordered phase which are revealed in the low-frequency part of the experimental spectra by the presence of a quasielastic signal ͑lorentzian broadening of the elastic peak and typical of a diffusive motion͒ ͓see Figs. 5͑a͒ and 5͑b͔͒. The Q dependency of the integrated intensity of this quasielastic signal shows a maximum at 3.4 Å −1 which is characteristic of C 60 rotations, analogous to what is observed in their pure crystalline phase. 19 It is well known that this signal, dynamic in nature, is at the origin of the diffuse scattering that is observed as a halo in the diffraction images and discussed in the previous section. FIG. 4 . ͑Color online͒ ͑a͒ Experimental GDOS at 1.5 Å for temperatures between 180 and 100 K, at 1.65 Å for 50 and 10 K-͑b͒ Simulated GDOS at 180 and 50 K. Simulations were shifted by 1 meV toward low energies. The Rigid Body Trajectory ͑RBT͒ allows us to separate translational and rotational motions: the peak at 11 meV is thus due to translations of cubanes, the one at 17.8 meV is due to librations of cubanes ͑see text͒.
FIG. 5.
͑Color online͒ ͑a͒ Temperature evolution of the susceptibility Љ͑͒ / in the LF area ͑at 2.7 Å͒ S͑Q , ͒ for ͑b͒ T = 180 K and ͑c͒ T = 100 K at 2.7 Å. The Q dependency is the same in both cases and the integrated intensity between 1.3 and 3 meV gives a peak at 3.4 Å −1 , which is typical of coherent scattering of fullerenes ͑Ref. 19͒.
For temperatures below 140 K, the quasielastic signal vanishes in favor of an inelastic peak located at ϳ2.2 meV. The Q dependency of the intensity of this mode, similar to that of the quasielastic scattering ͓Fig. 5͑b͔͒, is a fingerprint of its librational ͑rotational͒ nature. In bulk C 60 crystal, this order-disorder transition occurs at T c = 255 K and the librations are observed at E lib C 60 Ӎ 2.5 meV ͓at 115 K ͑Ref. 33͔͒. The librations are therefore softer in the fullerene-cubane compounds and T c is significantly shifted toward low temperatures. These results are in perfect agreement with recent calorimetric measurements. 15 It is important to note that there is no noticeable evolution of the position of the libration mode when lowering the temperature. In bulk C 60 , the libration peak upshifts when lowering the temperature down to 90 K below which it remains constant. This shift is associated with a temperature dependent population of the preferential local orientation between adjacent molecules. At 90 K, a glass transition occurs and the system is frozen in a mixture of orientational states. A similar evolution of the peak position is not observed for fullerene cubane.
IV. DISCUSSION
XRDS and INS measurements give a tentative global picture of the fullerene-cubane structure and dynamics. The orthorhombic phase in which C 60 ·C 8 H 8 crystallizes in the low-temperature ordered phase is a singular case of neutral intercalated C 60 . First, the simple cubic Pa3 space group was systematically detected for the O 2 C 60 , N 2 C 60 , ArC 60 , KrC 60 , and XeC 60 , and second, the very high symmetry of the constituent molecules forming the C 60 ·C 8 H 8 lattice would have made the cubic system a first natural guess. Another interesting peculiarity of this system is the presence of an important disorder in fullerenes' orientations below the transition, in contrast to the expectation in several experimental papers. This disorder is revealed by the observation of a homogeneous diffuse annulus at ϳ3.3 Å −1 , not modulated in the ordered phase and equivalent to that in the disordered high temperature phase. In the cubic phase of C 60 , the merohedral disorder in the low temperature phase leads to a modulation of this annulus. However, these modulations can be smeared out either by dynamical disorder ͑C 60 librations͒ and/or by some residual static disorder, which results from the preponderance of local interaction between the cages. 34, 35 For energy integrated techniques, as is the case of XRDS, the discrimination between these two origins is difficult.
Our neutron investigations confirm the rotor-stator nature of the fullerene-cubane system for temperatures higher than 140 K. The high symmetry of the system is highlighted by the presence of a small number of intense peaks in the MF range, attributed to the OT and OL modes. In particular, the OL mode frequency is found at 17.8 meV in the hightemperature phase. Besides, the C 60 libration peak is observed at 2.2 meV in the low-temperature region. An estimate of the rotational barriers in C 60 ·C 8 H 8 can be made for both C 60 and C 8 H 8 molecules by assuming that a simple sinusoidal hindrance potential is sufficient to describe their rotational motion. For small amplitudes of libration,
were E a is the potential barrier, is the hopping angle between neighboring potential minima, B = 0.346ϫ 10 −3 meV ͑B = 14.26ϫ 10 −3 ͒ is the rotational constant for C 60 ͑C 8 H 8 ͒ and E lib is the librational energy. Assuming that the reorientational motion for C 60 follows the scenario proposed by David et al. for pure C 60 , 36, 37 which supposes ϳ42°jumps about any one of the three twofold molecular axes that are normal to the ͗111͘ direction of the unit cell, one obtains E a = 180 meV, which is about 75% the value of the corresponding barrier in the ordered phase of bulk C 60 . 37 In a recent paper, Matus and co-worker have deduced an activation energy four times smaller from their NMR investigation ͑E a ϳ 50 meV͒. 38 This suggests that the actual hopping angle between neighboring potential minima for C 60 is a factor of two smaller ͑ ϳ 21°͒ in the C 60 ·C 8 H 8 than in bulk C 60 . By contrast, the energy barrier for reorientation around the C 4 axis for cubane is higher by a factor of about 30 ͑E a = 1390 meV͒. This large difference of energy barrier is responsible for the rotor-stator nature of this system.
Within the quasiharmonic approximation, the mean square angular displacement due to thermal occupation of the librations is given as
ͪ.
͑7͒
At 100 K, this gives a value of rms = ͱ ͗ These dynamical angular fluctuations are certainly one of the ingredients to explain the structureless XRDS annulus at 3.3 Å −1 in the low-temperature phase. It has been shown that the introduction of a ⌬ = 3°angular dispersion inside the structural model of bulk C 60 leads to a better description of the modulated XRDS ͑Ref. 27͒ in the Pa3 phase but this dispersion does not smear out the oscillations of the XRDS due to the merohedral disorder. This suggests that the C 60 orientational disorder revealed by XRDS below 140 K cannot originate from large amplitude librations. We propose that in fullerene-cubane compound, the C 60 molecules take a larger number of different orientations than in pure C 60 , corresponding to local energy minima, the fluctuations from these orientations appearing in a time scale much longer than the IN4C resolution. In Ref. 39 , Monte Carlo simulations indeed point toward very strong orientational disorder below the transition temperature.
The translational part of the mean-square displacement ͗u 2 ͘ c t for the cubane molecule can be computed from the value of the frequency of the OT modes, by assuming that the major part of the cubane vibration is contained in this feature. In that case, one can write
with M c being the mass of the cubane molecule and E OT = 11 meV is the frequency of the OT mode.
We find values of 0.011 and 0.007 Å 2 for the ͗u 2 ͘ c t at 180 K and 100 K, respectively. This gives a total molecular ͗u 2 ͘ c = ͗u 2 ͘ c t + ͗u 2 ͘ c lib of 0.035 Å 2 at 180 K ͑0.024 Å 2 at 100 K͒ for the cubane molecules. These values are in perfect agreement with the total mean squared displacement obtained from the Q dependency of the intensity of the inelastic peaks, for which we obtain a value of ͗u 2 ͘ c = 0.035Ϯ 0.002 Å 2 at 180 K and 0.025Ϯ 0.002 Å 2 at 100 K. The neutron data reveal that the first-order phase transition at 140 K implies the concomitant blockage of the C 60 rotation and the lowering of the lattice symmetry, featured by the simultaneous appearance of the libration peak of C 60 and the splitting of the libration peaks of the C 8 H 8 . This splitting could reflect the distribution of local environments around the cubane molecule. The 1:2 ratio between intensities of the OL peaks is equal to the ratio between the 30 double bonds ͑DB͒ and the 60 single bonds ͑SB͒ within a C 60 molecule. A first attempt to explain this intensity ratio is to suggest that the different local environments could be linked to two different C 60 orientations associated with a single or a double bond ͑referred as "SB" and "DB" in the following͒. Further investigations involving simulations and structural characterizations of the low-temperature phase are required to give more precision on the symmetry of these two states. A step further would be to suggest that the residual disorder in the low-temperature phase could be due to fullerene fluctuations around those preferential orientations and to relaxation by jumps of ϳ21°between them at long time scale, by analogy to what is observed for bulk C 60 in the Pa3 phase. However, in the case of C 60 ·C 8 H 8 , we do not observe a strong T dependency of the OL band, nor on the frequency of the C 60 libration. Within the above hypothesis, this means that the ratio of DB and SB environment is not temperature dependent, suggesting equivalent potential energy for these families but slightly different local curvature.
By contrast to what is observed for the OL modes, the feature associated with the OT modes is constant at all temperatures, being surprisingly unaffected by the transition. This is observed in the experimental data and in the simulated spectra. This indicates first that the behavior of the cubane is harmonic, ruling out the hypothesis of some large -flat -cavity in which the cubane could be oscillating, as proposed by Verberck et al. 39 Such "rattling modes" are known to show a very strong temperature dependency as the flatter part of the potential energy surface is dominant at low temperature, giving rise to a downshift of this peak when lowering the temperature, opposite to normal anharmonic behavior. 40, 41 And second, this indicates that the transition leads to a change in the local rotational potential energy surface but does not affect noticeably the force constants for translational displacements-thus the "radial" part of the local potential energy surface of the cubane molecules. It is well known that intercalating neutral atoms or small molecules influences noticeably the thermodynamics of the fullerene crystal in two ways: ͑1͒ downshift of T c and ͑2͒ disappearance of the glass transition. These effects are qualitatively opposite to what is observed when applying pressure, so that they have been qualified as "negative pressure effects." In Fig. 6 , we report the evolution of ln͑T c ͒ as a function of ln͑a͒, a being the lattice constant of the fcc cell for different cases of intercalated molecules AC 60 . We observe that the cubane point lies on a line extrapolating the point for inert gases. This linear dependence allows to extract a Grüneisen-type parameter 42 ␥ =− ‫͑ץ‬ln T c ͒ ‫͑ץ‬ln a͒ which measures the strength of the T c ͑a͒ dependence, i.e., the fractional change in T c over a fractional change in a. A value of ␥ = 22.8 was found when applying pressure 10 while we find ␥ = 14.8Ϯ 0.2 in this study. This indicates a softer dependence in the case of intercalation.
V. CONCLUSION
We have used XRDS and INS to shed light on the structure and dynamics of the C 60 ·C 8 H 8 cocrystal in the lowtemperature phase. XRDS studies showed that a homogeneous diffuse halo is still visible below the transition, meaning that an important disorder still remains in fullerenes' orientations below T c .
The INS measurements presented in this work confirm that the room temperature phase is rotor-stator by the direct observation of the quasielastic signal of the fullerene. The rotor-stator phase undergoes an order/disorder transition below 140 K, in which the fullerenes' orientations are frozen, highlighted by the appearance of inelastic features attributed to the libration modes of the fullerene at E lib FC = 2.2 meV. The external modes of the cubane molecules are clearly observed: the OT mode is measured at 11 meV and the libration appears as a single line in the disordered phase at 17.8 meV. This band is split into two peaks at 16.6 and 18.3 meV ͑at 100 K͒ with an intensity ratio 1:2 below the transition. We tentatively attribute each of these two peaks to a peculiar local environment of the cubane, the low energy one being associated to a "DB" configuration and the high frequency one to a "SB" configuration-each configuration being associated to a specific orientation of the adjacent C 60 . We ruled out that dynamical disorder is at the origin of the homogeneity of the diffuse halos observed in the XRDS picture in the low-temperature phase and proposed that this disorder is from "static" origin.
The determination of the orientations of fullerenes and the position of cubanes in the low-temperature phase is a prerequisite to better understand this rich system.
